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by interaction vertices fully contained within the instrumented volume of the detector,
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1 Introduction

The production of leptons due to the interaction of cosmic rays with the Earth’s atmosphere
introduces a background in the searches for astrophysical neutrinos performed by means
of Very Large Volume Neutrino Telescopes (VLVvTs), like IceCube and KM3NeT [1, 2].
Although at least part of this background can be eliminated by using veto experimen-
tal techniques, accurate predictions for atmospheric lepton fluxes are of crucial importance
both to refine or further develop these techniques and to get a precise estimate of the actual
spectrum of astrophysical neutrinos (the signal), in terms of its slope and normalization,
after subtraction of the background. This may allow to understand the origin of astrophysi-
cal neutrinos, distinguishing between different potential galactic and extragalactic sources.
The importance of this issue relies on the fact that neutrinos may travel to the Earth from
very distant sources, subject only to weak interactions, undeflected by cosmic magnetic
fields, thus providing direct information on the sources and regions of the sky where they
are produced and where cosmic rays are probably accelerated. In this respect neutrinos
are unique carriers of information, complementing those obtained by the detection of other
messengers (charged cosmic rays, gamma rays, gravitational waves...) in the multimes-
senger approach to astroparticle physics, allowing to reach a deeper understanding of our
Universe. Furthermore, an accurate knowledge of the atmospheric neutrino spectrum, at
least for energies up to a few TeV, is fundamental for the precise determination of the
parameters governing the oscillations of atmospheric neutrinos and for understanding the
neutrino mass hierarchy [3]. Nowadays this research can be performed by making use of
extensions of VLVVTs, like the DeepCore instrumentation and its extension PINGU in



the inner core of IceCube [4], or the ORCA project in KM3NeT [5], complementing more
traditional searches for atmospheric neutrino oscillations.

Atmospheric leptons are typically separated into two components, according to the
decaying hadrons from which they originate: the conventional component is created by
the decay of light mesons, i.e. charged pions and kaons, whereas the prompt component
is generated by the decay of heavier mesons and baryons, including charm or bottom
valence quarks. In particular, the prompt component is expected to become larger than
the conventional component at energies larger than ~ 6:12)2 x 10° GeV [6]. At present,
uncertainties affect the shape and normalization of both the conventional and prompt
contributions. As for the conventional component, uncertainties of about 10%-20% are
quoted in the literature [7]. Uncertainties on the prompt component are larger, due to the
poor knowledge of the charm hadroproduction process [6, 8].

In this paper, we investigate how the uncertainties on nucleon composition in terms
of parton distribution functions (PDFs) affect prompt neutrino fluxes, by making use of
the PROSA PDF fit [9], and we compare this uncertainty to that from QCD and astro-
physical origin. Current PDF fits are based on data collected at the HERA ep collider,
in fixed-target Deep Inelastic Scattering (DIS) and Drell-Yan experiments and in some
cases also make use of pp data from Tevatron and pp data from the Large Hadron Collider
(LHC) at central rapidities. Due to the limited phase-space coverage in Bjorken-z by these
experiments all the data allow to constrain PDFs only in the range = > 10~%. The PROSA
fit was the first exploiting the potential of the LHCb data in constraining gluon PDFs at
low Bjorken-x values, encouraging global fits to include these data as well. A first study in
this direction was subsequently done in ref. [10], including, a-posteriori, information from
the LHCDb charm data at /s = 7TeV, on top of the NNPDF3.0 NLO fit, by using the
Bayesian reweighting method [11, 12], leading to the so-called NNPDF3.0 + LHCb set.!
The method applied in the extraction of these PDF's is detailed in ref. [10], together with
the approximations inherent to the heavy flavour scheme adopted. The PROSA analysis [9]
contains a full PDF fit in the self-consistent fixed flavour number scheme employed, and
also includes LHCb data on DF, D** and on beauty hadroproduction [16] at /s = 7 TeV.
These developments have allowed to constrain gluon PDFs for 2 < 1074, a regime that is
important to study in view of high-energy applications such as discussed in this work. In
fact, VLVvTs have so far detected neutrinos with deposited energies up to a few PeV in
the laboratory frame, i.e. E, 15 ~ (few) x 10 GeV. In this context it is important to note
that the production of neutrinos at a given laboratory energy FE,, 1,1, is affected by collisions
of cosmic rays with nuclei in the Earth’s atmosphere at energies E), 1., even larger by a
factor of order O(10-1000). Further, E, ja1, ~ 108 GeV corresponds to Epp, em ~ 13.7TeV,
close to the present LHC center-of-mass energy. Plans exist to extend the accessible neu-
trino energy range even further, by increasing the active volume of ice/water probed by

Very recently, during the completion of our paper, the study of ref. [10] was extended further in ref. [13]
by using additional selected LHCb charm data at /s = 13 and 5TeV [14, 15]. In particular, charm data
in the transverse momentum range limited to 0 < pr < 8 GeV were considered. The data on DI at 7TeV
were not considered. In the case of (D° + D), data in the rapidity bins far from the rapidity reference bin
3 <y < 3.5 were discarded.



the optical module instrumentation. With the IceCube-Gen2 program [17], an extension
from an instrumented fiducial volume of ~ 1km? to a larger one, of ~ 10km?®, has been
proposed, which claims the potential to deliver significant samples of neutrinos with labo-
ratory energies in the EeV range, i.e. increased by a factor of ~ 1000. In nucleon-nucleon
collisions such high-energy neutrinos may arise from collision energies Ep o, up to a few
hundred TeV.

So far IceCube has detected several tens of leptonic events with a characteristic topo-
logy of tracks or showers, with interaction vertices fully contained within the instrumented
volume of the detector. This feature, in addition to a minimum charge/energy requirement,
define a category of so-called high-energy-starting events (HESE), in relation to their spe-
cific signatures.? Three of those HESE events populate the high-energy tail in the O(PeV)
region of neutrino deposited energies in the laboratory frame. As a practical application of
our study we consider the case of the IceCube HESE analyses [1, 18, 19], and show how the
theoretical uncertainties affect the number of expected events from prompt neutrinos as a
function of the energy deposited in the detector. We also compare our predictions to the
upper limit on the prompt (v, + 7,) flux recently obtained by the IceCube collaboration
in a complementary analysis, restricted to ~ 350000 up-going events from the Northern
hemisphere, with neutrino interaction vertices either outside or inside the instrumented
volume [20].

The paper is organized as follows: a short review of the PROSA PDF fit and of the
details of the QCD framework we adopt is presented in section 2. Predictions for prompt
neutrino fluxes and their uncertainties are discussed in section 3, whereas comparisons with
the data collected in the aforementioned IceCube analyses are provided in section 4, fol-
lowed by our conclusions in section 5. Appendix A contains details of the QCD predictions
for charm hadroproduction compared with the LHCb experimental data taken in collisions
at center-of-mass energy /s = 7 and 13 TeV.

2 Charm hadroproduction in QCD and parton distribution functions

The hadroproduction of heavy-quark pairs has received a lot of attention since the time
when early colliders were built. The attention focused on the production of charm-
anticharm and bottom-antibottom pairs [21, 22] already well before the advent of the
high-energy colliders Tevatron and LHC. The charm and bottom masses m, and m; are
large enough with respect to Aqcp, so that the use of perturbative QCD is justified to
describe the hard partonic scatterings giving rise to these quarks. However, these masses
are far smaller than present day collider energies. Thus, processes involving charm and
bottom hadroproduction at high energies are typically multiscale processes for which it
is worth to investigate the role of logarithms of the ratios of the different scales involved.
The effect of resummation of different kinds of logarithms has been studied in some specific
cases (e.g. resummation up to a certain accuracy of threshold logarithms and of transverse

2IceCube is also able to record with higher statistics and analyze partially contained track or cascade
events. Those events starting outside the active volume of the detector and entering it are not included in
the HESE sample.



momentum dependent logarithms (pr/mg) at high pr), while there are other resummations
which have not yet been performed. NLO QCD corrections to charm hadroproduction are
available since the eighties [23, 24|, and have been further implemented in Monte Carlo
event generators matching NLO QCD corrections to parton shower (starting from pionee-
ring work of [25] and [26]), which are routinely used in the analysis of LHC data. NLO
electroweak corrections are available in the case of top-antitop quark hadroproduction and,
consistently with the naive expectations, they have been found to be far smaller than the
QCD ones, see e.g., [27, 28]. In case of c¢ and bb hadroproduction the electroweak cor-
rections are expected to lie well within the NLO QCD scale uncertainty band. Thus we
neglect electroweak corrections in the present work. On the other hand, NNLO QCD
predictions are already available at least for the total cross-section [6, 8, 29]. Extensions
of the first differential studies on ¢t pairs at NNLO [30, 31] to the case of ¢é pairs still
require further effort, particularly to take into account the small value of the charm mass,
m. < 2GeV, which may lead to stability issues in the fully numerical methods used so far
for investigating heavy-quark hadroproduction at NNLO. The calculation of charm-pair
hadroproduction in this paper follows ref. [6] and uses recent results from perturbative QCD
together with estimates on various sources of uncertainties. In particular, we consider NL.O
QCD corrections matched to parton showers (with their standard logarithmic accuracy)
as implemented in the POWHEGBOX [32] + PYTHIA6 [33]/PYTHIA8 [34] frameworks. We used
the last available PYTHIA6 version, PYTHIA 6.4.28, and the most recent PYTHIA8 version
(PYTHIA 8.223, published in January 2017). Hadronization is also taken into account by
means of PYTHIA6/PYTHIAS, with non-perturbative parameters regulated according to one
of the most recent Perugia tunes [35] in case of PYTHIA6 and the A14 [36] or the Monash
2013 [37] tune in case of PYTHIA8. For all predictions shown in the plots of this paper, the
PYTHIAS generator and Al4 tune are used by default, unless stated otherwise.

The POWHEGBOX framework includes hard-scattering matrix-elements for charm
hadroproduction according to refs. [24, 26]. The charm is considered massive through-
out the calculation of the scattering amplitudes performed in the fixed flavour number
scheme (ny = 3). Consistently, we adopt 3-flavour PDFs. POWHEGBOX is capable of produc-
ing events in the Les Houches format, including up to a first resolved radiation emission.
These events are subsequently further showered by the ppr-ordered parton shower algo-
rithms included in PYTHIA6/PYTHIA8. The POWHEGBOX framework was also used in ref. [38]
in association with PYTHIA8 and the Monash 2013 tune.

Alternatively, it is possible to use approaches where predictions at the parton level
are directly convoluted with phenomenological non-perturbative fragmentation functions
(FFs) for the transformation of partons into charmed hadrons. The latter choice was
adopted in the computation of prompt neutrino fluxes by refs. [39, 40]. It was also adopted
when performing the original PROSA fit for PDFs, in the computation of theoretical
predictions for charmed- and bottomed- meson hadroproduction which were compared
with LHCb experimental data. In particular, data for D¥, DF A* D** DY and D°
hadroproduction [41] in pp collisions at /s = 7TeV in different transverse momentum and
rapidity bins in the interval 0 < pr < 8 GeV and 2 < y < 4.5 and data for BT, BY and
BY meson production [16] with 0 < pr < 40 GeV in the same rapidity range and at the



same center-of-mass energy were used in the fit, as detailed in ref. [9]. The performances
of the PROSA PDF fit in association with our POWHEGBOX + PYTHIA8/PYTHIA6 setup in
comparison with these data at both /s = 7 and 13 TeV are shown in appendix A. We
emphasize here that the PROSA PDFs used in this paper were derived by fitting the
ratios of LHCD rapidity distributions in each fixed pr bin. It turns out that we obtain
absolute pr distributions reasonably consistent with LHCb experimental data within QCD
uncertainties. We consider this fact as a confirmation of the robustness of the PROSA
fit. This consideration remains valid both if we produce theory predictions for differential
cross-sections by the NLO QCD computation interfaced with FFs adopted in the PROSA
fit, with fragmentation fractions in agreement with the most recent measurements [42], and
if we use for the same purpose the approach of this paper, matching NLO QCD matrix
elements with parton shower and hadronization, pointing to the consistency of the two
theoretical approaches.

3 Predictions for prompt neutrino fluxes and their uncertainties

The collision of primary cosmic rays with the Earth’s atmosphere lead to secondary par-
ticles, which during their propagation towards the Earth surface may in turn reinteract
or decay. This mechanism, characterized by an interplay between interactions and decays,
leads to the production of fluxes of different kinds of particles, including neutrinos, and
is described by cascade equations, which define a set of coupled differential equations reg-
ulating particle flux evolution through an air column of slant depth X, representing the
amount of matter traversed downward along the direction of the particle that initiated
the cascade. These equations admit approximate solutions with the help of the so-called
Z-moment approach initially proposed in refs. [43, 44] (see also refs. [6, 39]).

The differential distributions for the hadroproduction of c¢¢ quark pairs are one of
the essential ingredients to the solution of those equations, yielding the prompt neu-
trino fluxes. The necessary Z-moments, e.g., Z,p, for charm hadroproduction in the
atmosphere, are then obtained from the differential distributions do/dzp for the process
NN — ¢ — h. + X, for all lowest-lying charmed hadrons h. = (D*, D°, DO, DF and AY),
with g = Ep 1ab/EN, 1ab, by an integration over the entire kinematically accessible range.
To that end we assume that the interaction of cosmic rays with nuclei in the atmosphere
can be approximated by the superposition of nucleon-nucleon (N N) interactions.

Those moments Z,j, are combined together with the Z-moments for h. decays into
neutrinos Zj,.,,, those for h. regeneration, Zj,_j,, and those for nucleon regeneration, Zy v,
see for instance refs. [6, 44, 45]. In this work, all moments Z,;, were computed using
as input the normalized variant of the PROSA PDF fit [9], with central values for the
factorization and renormalization scales as pur = pur = po = 4/ p% .+ m2. The scales
pur and pp were allowed to vary independently in the range /2 < pg, urp < 2pg, with
exclusion of the combinations (1/2,2)uo and (2,1/2)u, see, e.g. ref. [46], and the charm
pole mass was fixed to m, = 1.404+0.15GeV, as in ref. [6]. All other moments Z,_,,, Zn, n,
and Zy y were computed as in ref. [6] (see also refs. [39, 40]).

The resulting predictions for the (v, 4+ 7,) fluxes are presented in figures 1, 2 and 3.
In particular, the central predictions were computed using as input the central set of



PDF uncertainty component | Number of variations Uncertainty source
fit 4+ exp. stat. + exp. syst. 30 data uncertainties
model 16 As, fsv Q?nin’ UR, UF, OK
parametrization 4 Q%, D,,, Dg, Dp

Table 1. Summary of the sources of uncertainty included in the PROSA PDF fit, together with
the list of the corresponding uncertainty sources.

the PROSA PDFs, whereas PDF uncertainties were computed using all different PROSA
PDF variations. The latter consist of three components, as described in detail in ref. [9]:
fit uncertainties originating from experimental uncertainties of the measurements, model
uncertainties and parametrization uncertainties, cf. table 1. Model uncertainties arise from

the variations of the model assumptions, such as the value of the strong coupling constant
2

as(Myz), the strangeness fraction fs in the PDF fit, the minimum virtuality cut Q;;, on
the ep DIS data entering the fit, the choices of the renormalization and factorization scales,
pur and pp, and the parameters ag of the charm and beauty fragmentation functions [50].
Parametrization uncertainties are assessed by varying the functional form of the PDF's
using additional parameters D, , Dy, Dp as described in refs. [9, 51] at the starting scale
Q3 of the QCD evolution, as well as the value of the starting scale.

The fit uncertainties (referred to as experimental uncertainties in ref. [9]) were pro-
vided as 30 eigenvectors arising from 13 fitted PDF parameters and charm and beauty
masses left free in the fit. The model uncertainties were determined as positive and nega-
tive variations of each model parameter and were technically provided as 16 eigenvectors.
The parametrization uncertainties were assessed with 4 individual variations, and the total
parametrization uncertainty was built as an envelope of the maximal differences between
these variations and the central value. The total PDF uncertainties were obtained by
adding fit, model and parametrization uncertainties in quadrature. In figure 4 the PROSA
gluon distribution is compared to the results of other PDF groups [52-58] in the relevant
kinematic region of low Bjorken-z, at a scale of 10 GeV2. The use of the LHAPDF 6.1.6
framework [59] for figure 4 ensures the extrapolation of the PDFs to the low-z region
beyond the kinematic range provided and fitted by the individual groups [52-58]. The
differences in the behaviour of different PDFs can be traced to a variety of potential ori-
gins [8]: among the most important ones we wish to mention the use of different sets of
experimental data, different theory assumptions in fitting the data, and the different PDF
parameterizations adopted.

The separate contribution of each of the uncertainty sources in the PROSA PDF's listed
in table 1 is shown in figure 1 together with the total PROSA PDF uncertainty and using a
broken power-law all-nucleon spectrum as input for the cosmic ray flux, cf. ref. [6]. The total
PDF uncertainty turns out to be dominated by the model uncertainties, which in turn for
the gluon distribution in the region < 10~% are influenced by theoretical uncertainties on
heavy-flavor hadroproduction, mostly arising from renormalization and factorization scale
variations. However, due to the use of the normalized heavy-flavor LHCb cross sections
in the PROSA fit, these theoretical uncertainties are strongly reduced, since variations of
the renormalization and factorization scales as well as of the fragmentation parameters do
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Figure 1. PROSA PDF uncertainties on the prompt (v, +7,) atmospheric flux as a function of the
neutrino energy E, j,n: the contribution due to (fit + experimental), model and parameterization
PDF uncertainties are shown in separate panels, respectively, and compared to the total PDF
uncertainty (blue band). A broken power-law all-nucleon spectrum for the cosmic ray flux impinging
on the Earth atmosphere is used as input, cf. ref. [6].
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Figure 2. Left: central prediction for the prompt (v,+7,,) flux together with its QCD uncertainties,
computed by means of POWHEGBOX + PYTHIAS, as a function of the neutrino energy E, j,. The
uncertainty contributions due to pug and pp scale variation around pg, m. and the PDF eigenvalues
within the PROSA fit, are shown separately by bands of different styles and colors, together with
their combination in quadrature. The same broken power-law all-nucleon spectrum for the cosmic
ray flux as in figure 1 is used as input. Right: comparison between central predictions and (scale
+ mass + PDF) uncertainty bands obtained by using our setups for POWHEGBOX + PYTHIA8 and
POWHEGBOX + PYTHIA6. See text for more detail. The predictions using PYTHIA8 have been obtained
by using the A14 tune. In case of PYTHIAS8 in association with the Monash 2013 tune, predictions
(not plotted here) turn out to be even closer to those with PYTHIAG.

not significantly affect the shape of the rapidity distributions for heavy-flavor production,
while this shape remains sensitive to PDFs. For this reason, in the calculation of prompt
neutrino flux the scale variations in the matrix elements were performed independently of
the scale variations in the PDF fit. The same applies for the value of the charm mass, which
is well constrained in the PROSA fit by the data on DIS charm production. The choice and
uncertainity for the charm pole mass m. = 1.44+0.15 GeV adopted here are compatible and
have been motivated by detailed studies of the inclusive cross sections in ref. [6] computed
with the very precise value for the charm mass reported by the Particle Data Group [62]
in the MS scheme. In addition, since the scale variations have a much larger effect on
the predictions than the m. value, possible correlations between the two can be neglected.
The fit and parameterization PDF uncertainties turn out to have a minor role in the
kinematic region of interest. The role of PDF uncertainties with respect to other sources
of QCD uncertainties affecting (v, 4+ 7,,) fluxes is shown in figure 2 again for the broken
power-law primary cosmic-ray input spectrum as in figure 1. The differences between
predictions based on different version of PYTHIA (PYTHIA8 vs. PYTHIA6) complemented
by different tunes (A14 or Monash 2013 vs. Perugia), as shown in figure 2.b, amount
to maximum (—14, +6)%.%> On the other hand, from figure 2.a it is evident that, at
all energies, the dominant source of QCD uncertainty is represented by factorization and

3The differences are especially evident in the region of Eiab,» S 108 GeV, because this region is dominated
by pp collisions at LHC energies, i.e. the energies at which the most recent tunes have been done.
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Figure 3. Same as figure 2, using as input different more realistic cosmic ray all-nucleon spectra.
The upper two panels correspond to the GST fit described in refs. [47, 48], whereas the lower two
panels correspond to the Gaisser H3a and H3p fit of refs. [47, 49]. Both fits have two variants: one
corresponding to a heavy composition at the highest energies (left upper panel: GST-3, left lower
panel: H3a), and a second one including a dominating light proton component instead (right upper
panel: GST-4, left lower panel: H3p).

renormalization scale variations. On the other hand, the role of charm mass and PDF
uncertainties is complementary: the former dominate over the latter at lower energies,
whereas at higher energies the behavior is the opposite, with PDF uncertainties increasing
due to the increasing number of collisions occurring in an asymmetric situation when one of
the partons inside the nucleon is characterized by low x and the other one by high x. In this
respect we would like to note that the present PROSA fit extends down to = ~ 10~%, while
below this value the gluon distribution is not directly constrained by any data and should be
considered as an extrapolation which relies on assumptions for the parametrization of the
PDFs.* In particular, for neutrino energies Ejap,, around 1 and 2 PeV, corresponding to the

40n the other hand, pp collisions at present LHC energies, involving initial state partons with z; and xo
distributions, are characterized by distributions of the min(z1, x2) minimum peaked around 10~*?, with a
tail extending down to = ~ 108, where the total differential cross-section do/d min(z1,z2) is suppressed
by a factor ~ 50 with respect to its maximum.
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Figure 4. The PROSA gluon distribution compared to ABM11 [52], CJ15 [53], CT14 [54], HER-
APDF2.0 [56] (left) and JR14 [55], MMHT2014 [57] NNPDF3.0 [58] and NNPDF3.0 + LHCb [13]
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Note that the ABM11, PROSA and JR14 PDFs employ the fixed flavour number scheme (with
ny = 3) in the fit of DIS data, whereas CT14, CJ15, HERAPDF2.0, MMHT2014, NNPDF3.0 and
NNPDF3.0 + LHCb use different implementations of the variable flavour number scheme, so the
latter distributions should only be compared qualitatively to the former ones.

leptonic events with highest energy observed so far by IceCube, the PDF uncertainties look
to be already far better constrained than the scale ones, and amount to (+42%, —13.5%)
and (+52%, —13.5%), respectively, for the power-law cosmic ray spectrum. These values
decrease by few percent when considering more realistic input cosmic ray spectra. They
can be compared to the charm mass uncertainties amounting to about (+26%, —22%) and
(+25.8%, —20%) at 1 and 2 PeV, respectively.

It is plausible that, with the increasing availability of LHC experimental data even at
higher energies, PDF uncertainties will decrease. Therefore, we can already conclude that,
as for present day investigations of prompt neutrinos at neutrino telescopes, the uncertainty
related to PDF's does not form a bottleneck. Of course, if neutrino telescopes will be able
to discover events at higher energies, either thanks to the extension of their fiducial volume,
or simply by accumulating much more statistics over the years, the uncertainty due to the
PDF variation may become a more critical issue.

Another important input to cascade equations is represented by primary cosmic ray
fluxes, i.e. the energy spectra of cosmic rays on top of the Earth atmosphere, as a function
of their mass number. At energies above a PeV, an important aspect, at least presently, is
related to our superficial knowledge of the composition of cosmic ray fluxes [63]. Here the
problem is that at the highest energies, cosmic ray spectra cannot be measured directly
by satellites or balloon-born experiments, because the flux of cosmic rays decreases too
rapidly. It is presently impossible to build an instrument capable of measuring a small, but
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non negligible, flux because the detector surface and exposure time necessary are too big for
current capabilities. Therefore balloon-born instruments or those in satellites are used at
present days only for measuring cosmic ray spectra at lower energies, i.e. below the knee [64].

On the other hand, at higher energies, cosmic ray spectra are investigated indirectly,
through extended air shower (EAS) experiments [65, 66]. EAS experiments count the rate
of leptons of different origin (e and p) reaching the array of detectors on the Earth’s surface
and compare it with the data on the maximum development of the EAS electromagnetic
component seen by fluorescence telescopes pointing to the upper layer of the Earth’s at-
mosphere. Last studies in this direction, exploiting correlations between different EAS
observables, seem to point to a CR spectrum characterized by a mixed composition in
the energy region around the dip/ankle [67], which tends to become heavier at Epp ~ a
few 10 eV. However, not all questions are solved, in particular in the comparison of the
experimental data with the expectations from the Monte Carlo generators used for simu-
lating the formation and development of EAS, characterized by large uncertainties in their
hadronic interaction models [68]. As a consequence, uncertainties on the composition of
cosmic ray spectra above Ei,p, = 10161017 eV are still large.

In order to have an idea of the effect of these uncertainties on prompt (v, + ) fluxes,
we show in figure 3 prompt neutrino spectra with their QCD uncertainties, for four different
recent all-nucleon cosmic ray spectra [47-49], provided by the group of T. Gaisser, which
were recently created in order to fit the measured cosmic ray all-particle spectrum data. The
transformation of an all-particle spectrum into an all-nucleon spectrum requires additional
knowledge (or assumption) on the composition. We have used these same spectra in ref. [6],
where we have provided a more extensive discussion of their content. The resulting neutrino
spectra at energies 2 1PeV are larger if a proton component or, more generally, a light
component in the cosmic rays is assumed and dominates over the nuclear ones at the
highest energies. The QCD uncertainties behave in a similar way in all cases, comparable
to the case of figure 2 already discussed, but at the highest Ej,;,, energies the uncertainties
due to our poor knowledge of cosmic ray composition are becoming large, as follows from
comparing one with each other the various panels of figure 3.

It is worth to compare our results on cosmic ray fluxes using the PROSA PDF's to those
obtained in 2015 with the ABM PDFs in ref. [6] (labelled as GMS 2015) in figure 5. The
central values of the (v, +7,) fluxes, together with their scale and total QCD uncertainties,
are shown separately in the two panels of figure 5. For both fluxes the scale uncertainties
dominate the total QCD uncertainty, as we have already observed above. The central
GMS 2015 predictions are included in the uncertainty band of the PROSA predictions of
the present study, and viceversa, the PROSA central predictions are within the uncertainty
band of the GMS 2015 fit. The differences in the shape of central predictions and of the
uncertainty band are due to the different choice for the central scale pg = pgr = pr. The
GMS 2015 predictions were computed using pg = 4/ p2T7 . +4m? whereas the PROSA pre-

dictions have been obtained with the more widely adopted scale choice g = p?[, .+ m2.
We have verified that when using the same scale choice for pg, the predictions with ABM
and PROSA PDFs have a quite similar shape. The scale uncertainty corresponding to the
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Figure 5. Prompt (v, + 7,) fluxes obtained with PROSA PDFs (solid line) as compared to
the previous GMS 2015 predictions [6], obtained using ABM11 PDFs (dash-double dotted line),
shown with respective theory uncertainties, represented by bands of different styles. Theoretical
uncertainties due to scale variations are shown in the left panel, whereas those due to scale + m,
-+ PDF variations are shown in the right panel. The main difference between the two fluxes is the

use of a different central scale: pg = /p%yc + m? for PROSA fluxes vs. po = ,/p%,c + 4m?2 for the
GMS 2015 fluxes.

choice adopted in this paper, pg = 4/ p2T7 . +m2, leads to uncertainty bands larger than for
GMS 2015. Note that the scale in the GMS 2015 study was explicitly chosen to fulfill the
principle of fastest convergence, i.e. in order to reduce the difference between NLO and
NNLO predictions for the total cross section, cf. ref. [6]. In the present study we have used
the scale which retains full consistency with the PROSA PDF fit.

Interestingly earlier predictions, evaluated at the central scale, even the leading-order
ones presented in ref. [69] several years ago, turn out to lie within the uncertainty band of
the PROSA predictions, as shown in figure 6. In this plot, besides these old predictions, we
also show more recent ones obtained by different groups in the last few years. Even those
predictions which are obtained in approaches quite different from ours, e.g., on the basis
of the so-called dipole model, or those obtained by a recent update of the SYBILL Monte-
Carlo [72], turn out to be compatible with our prediction, cf. figure 6. This is an important
result because dipole model predictions have been extensively used by IceCube as a theory
reference for prompt neutrino fluxes, while the SYBILL Monte-Carlo is one of the event gen-
erators extensively used in EAS simulations. It includes a perturbative QCD leading-order
core and a soft phenomenological component for the description of hadronic interactions.

Finally, we briefly address the superposition model assumption used so far, in which
the collision of cosmic rays with air nuclei, mostly nitrogen, are approximated by the mere
superposition of nucleon interactions, i.e. the N N hard scattering described within per-
turbative QCD. Initial work to test the superposition approximation has recently been
presented in ref. [40], where also two nuclear PDFs were used in the cross section com-
putation of cosmic ray interactions with atmospheric nuclei. In figure 7 we compare the
predictions of ref. [40] obtained with nuclear PDFs EPS09 [73] and nCTEQ15 [74] with
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Figure 7. Comparison of our predictions for (v, 4+ ,,) fluxes with the PROSA proton PDFs and
the superposition approximation, to those of ref. [40] using nuclear PDFs, with their respective
uncertainty bands. Predictions of ref. [40] using the EPS09 nuclear PDFs are shown on the left,
those based on the nCTEQ15 nuclear PDFs on the right. Uncertainties affecting nuclear PDF's are
not accounted for in these plots. For consistency with ref. [40], and differently from figure 5 and 6,
the cosmic ray primary flux H3p is used in all these predictions, cf. figure 3.

our own predictions. Figure 7 shows that the predictions of ref. [40] using nuclear PDFs,
although being systematically lower than ours, are still close to the lower limit of, or stay
within, our total QCD uncertainty band. At present, any uncertainties on nuclear PDFs
are not included in these plots. However, these uncertainties are actually quite large in the
full 2 range (i.e. also for z > 10™%), due to the limited amount of nuclear data that can be
used in the nuclear PDF fits and the limited kinematic coverage of those data, cf. [73, 74].
In addition, model assumptions for the description of hadronic interactions involving nuclei
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are ingredients entering nuclear PDF fits. The uncertainty in this modellization introduces
further uncertainties on the resulting PDFs. Thus, in order to fully address the superposi-
tion approximation, a systematic experimental and theoretical study of collisions of nuclei
at high energies, including nuclear and possibly quark-gluon plasma effects, is required.
This is clearly beyond the scope of the present study and we leave these improvements and
new developments on this issue for the future.

4 Uncertainties on prompt neutrino expected events in the IceCube
HESE analysis and comparison of the prompt (v, + 7,) flux with the
present IceCube upper limit

One of the most intriguing results of IceCube has been reported in the HESE analysis.
Over the years this analysis has collected leptonic events also known as contained-vertex
events, where the incoming lepton has its first interaction inside the active volume of the
detector, with a deposited energy in the range from tens of TeV to a few PeV. In this ana-
lysis, an excess with respect to the expected atmospheric background considered so far by
the IceCube collaboration has been registered with increasing statistical evidence along the
years. The experimental data include events with shower and muon track topologies, com-
ing from both the Northern and Southern hemisphere. In particular, results were reported
for a 662-day analysis with 28 candidates in the energy range [50 TeV-2 PeV], correspond-
ing to a 4.1 o excess in the year 2013 [1]. These results were updated in the year 2014,
thanks to the 988-day analysis [18], with 37 events in the energy range [30 TeV—-2PeV]
(5.7 o excess over the background), and featuring also an “empty” window corresponding
to the [400 TeV-1PeV] interval. A further update was presented in 2015, in the 1347-
day analysis [19], which has collected 54 events, corresponding to a ~ 7o rejection of the
atmospheric-only hypothesis, and with the empty window partially filled and thus reduced
to the [~600 PeV—1PeV] bin. In these analyses, the experimental data were fitted consid-
ering two possible kinds of sources of neutrinos: the atmosphere and astrophysical ones.
For the shape of the astrophysical signal a power-law was assumed. The best-fit parameter
values turned out to change slightly from one analysis to the other, although they always
remained compatible with each other within the quoted uncertainties. For the atmospheric
component, the possibilities of both a conventional and a prompt contribution were con-
sidered. In particular, the IceCube collaboration used the Honda predictions [7], extended
to higher energies and modified for taking into account more recent cosmic ray primary
spectra with a knee component, as theoretical input for the modellization of conventional
neutrino fluxes in these analyses. A prior was used for the normalization of this contribu-
tion in the fit to IceCube experimental data, performed under the assumption that leptons
of both astrophysical and atmospheric origin contribute to the total signal seen by IceCube.
In the most recent versions of the analysis, part of the atmospheric background was vetoed
and subtracted from the signal, by using information on the atmospheric muons detected in
coincidence with neutrino events and the techniques of ref. [75] in the modellization of this
case. As for prompt neutrinos, IceCube has used the ERS 2008 predictions [71], reweighted
to a cosmic ray spectrum with a knee component, as a basis for modelling prompt neutrino
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Figure 8. Predictions for the number of prompt neutrino events as a function of the deposited
energy in the detector for the IceCube 988-day HESE analysis. Each colored band refers to a
different cosmic ray primary flux, and accounts for uncertainties due to scale, charm mass and PDF
variations. IceCube experimental data on the total number of leptons detected are also shown. The
latter include leptons of both atmospheric and astrophysical origin.

fluxes. This component was included in the fit as well, and it happened its normalization
fits to zero, although with a large uncertainty. As a consequence of this big uncertainty, an
upper limit on the total atmospheric neutrino flux, as derived from other IceCube analyses
(discussed in the second part of this section), was adapted as well to the HESE analyses,
in order to show how big a potential (prompt + conventional) component could look like.

Given the model dependence understood in the description of atmospheric neutrinos by
IceCube, it is instructive to investigate the effect of predictions for prompt neutrino fluxes
considered in this study, on the expected number of events in the IceCube analyses. In
particular, we consider the case of the 988-day analysis, discussed previously also in ref. [39)].
We note that even considering the most recent IceCube 1347-day analysis gives rise to
qualitatively similar results and does not alter our discussion and conclusions. The number
of prompt neutrino events in the different energy bins reported by IceCube, computed on
the basis of PROSA predictions for prompt neutrino fluxes, is shown in figure 8 for the
various cosmic ray spectra already presented in section 3. It is evident that modern CR
spectra give a suppressed number of events with respect to the broken power-law spectrum
(red band). Furthermore, for those events seen by IceCube so far with the maximum e-
nergies deposited, limited to ~ 2PeV, the difference between the variants of Gaisser CR
spectra considered in this work do not introduce any dramatic changes in the number of
observed events. The bands reported in the plot refer to QCD theoretical uncertainties
stemming from the combination of scale, charm mass and PDF uncertainties, computed as
described previously in section 3. Even considering these uncertainty bands, our theoretical
predictions for prompt fluxes turn out to lie below the data, thus confirming a different
origin for those most energetic IceCube events, also shown in the plot.
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Figure 9. Predictions for the number of prompt neutrino events as a function of the deposited
energy in the detector for the IceCube 988-day HESE analysis. The H3a cosmic ray primary flux
is used as input. Results from the PROSA calculation of this paper, shown in blue, with their
QCD uncertainty band, are compared with the central predictions of GMS 2015 [6] and with the
BERSS one [39], including the uncertainty band of the latter. IceCube experimental data on the
total number of leptons detected are also shown. These data include leptons of both atmospheric
and astrophysical origin.

A comparison between our predictions for prompt neutrino events, and predictions
computed by using different models is shown in figure 9, considering as a basis for the
cosmic ray primary flux the H3a model. In particular, predictions computed by using
the GMS 2015 central flux [6] and those reported in ref. [39] are shown. These earlier
predictions are compatible with the PROSA predictions. Furthermore, it turns out that
the uncertainty band of ref. [39] is completely contained, in all the event bins, inside the
PROSA uncertainty band. The latter is much larger because it includes a broader range
of scale variations (with ur # pur) and also the PDF uncertainties, not considered in [39)].

The total atmospheric flux, which can be computed by summing the conventional and
the prompt flux, is plotted in figure 10. As for the conventional flux, the Honda spectrum [7]
was adopted, extended to the highest energies and reweighted to the H3a cosmic ray flux
as described in ref. [39]. Uncertainties on the total flux, due to uncertainties on the prompt
component, are shown, under the assumption that the conventional flux does not contribute
any additional uncertainty.” The IceCube upper limit on the total neutrino flux at 90%
confidence level [76] is also shown. At the highest energies, the IceCube upper limit lies well
inside our uncertainty band. The latter limit corresponds to the result of a separate analysis
of muonic events from the Northern hemisphere, characterized by neutrino interaction
vertices which can lie both inside and outside the instrumented volume, with the Earth
acting as an efficient shielding for atmospheric muons. IceCube has progressively updated

5Actually, deeply comprehensive studies on the uncertainties on conventional neutrino fluxes are still
missing, especially in the high-energy region explored by VLVvrTs. Thus, instead of not quoting any
uncertainty, it could be more reasonable to take a more conservative attitude, and consider the possibility
that this flux has an uncertainty around at least 20-30%.
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Figure 10. Predictions for the number of prompt, conventional and total expected atmospheric
neutrino events for the IceCube 988-day HESE analysis, as compared to the IceCube lepton data.
The H3a cosmic ray primary flux is used as input. On the top the central predictions are shown
and also compared to the total central predictions by BERSS [39]. On the bottom the effect
of uncertainties on prompt neutrino contribution is propagated to an uncertainty on the total
atmospheric neutrino contribution under the assumption that the conventional component does
not contribute any additional uncertainty. IceCube experimental data are shown in black, and the
IeceCube 90% confidence level upper limit on the total atmospheric neutrino flux obtained in ref. [76]
and reproduced in ref. [18] is shown in magenta.

this analysis in refs. [20, 76, 77]. As for the prompt neutrino component, the experimental
results of this kind of analysis are presented in the form of upper limits on the prompt
(vy + 7,) flux.5 The comparison of the most recent IceCube estimate of this limit [20]

5IceCube HESE samples include events initiated by neutrinos of all possible flavours, ve, v, and vr.
This has been indeed taken into account by reasonable assumptions on the ratio ve : v, : v, when adapting
to the HESE analysis the upper limit on atmospheric neutrinos derived from the analysis of the (v, + 7,)
events from the Northern hemisphere.
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Figure 11. Comparison of the prompt (v, + 7,) flux using the PROSA PDFs with the present
upper limit on prompt neutrino flux at 90% confidence level obtained by the IceCube experiment [20]
(solid red line) and its extrapolation (dotted red line), which adopted the ERS model [71] as a basis
for modelling prompt neutrinos. Central predictions using the scale up = pp = \/p% + 4m2 and
PROSA PDFs and ABM PDFs (GMS 2015) are also shown. The limit and all predictions refer to
the H3p CR flux.

with the fluxes computed in the present study and the central prediction of GMS 2015 is
shown in figure 11. Again, the published IceCube upper limit, although being larger than
our central prompt predictions, is well inside the uncertainty band of the prompt (v, +,)
flux, both over the limited range of neutrino energies Ej,;, probed by present IceCube data
[8-103-8 - 10%] GeV and even when considering the extrapolation to a larger energy range
[103-107] GeV, also presented by the IceCube collaboration. This might point to a need of
revising the model assumptions in the aforementioned IceCube analyses.

In summary, figures 10 and 11 show the future potential of astrophysical measurements
at VLVvTs, especially when a higher statistical accuracy will be reached, in complement-
ing accelerator-based measurements by putting constraints and providing complementary
information on the physics related to charm hadroproduction.

5 Conclusions

We have used the PROSA PDF fit to provide predictions for the flux of prompt neutrinos
in the atmosphere. The PROSA PDFs are the first fit to include LHCb open charm and
beauty data in order to constrain the gluon distribution inside the proton in regions of
Bjorken-x not previously covered by any other experiment. We have shown that present
PDF uncertainties on the prompt neutrino flux increase with increasing neutrino energies.
Moreover, in the region of interest for present day neutrino telescopes, which have so far

~ 18 —



detected neutrinos up to a few PeV, PDF uncertainties are already quite well constrained
and are subdominant with respect to the dominating QCD uncertainties related to the
renormalization and factorization scale variation. Our flux turns out to be compatible
with several previous computations of prompt fluxes, obtained in a variety of approaches,
which may or may not involve a perturbative QCD description of the hard scattering.

As a practical application, we have studied the uncertainties on the number of ex-
pected prompt neutrino events in the IceCube HESE analysis and we have compared the
theoretical predictions on (v, + 7,,) fluxes with the IceCube upper limit published in com-
plementary analyses, including also non-contained events. We have found that the adoption
of different assumptions for the composition of the cosmic ray primary flux has a small effect
on the shape of the distribution of prompt neutrino events in the HESE analysis, at least
when considering the energy range tested so far by IceCube, and that the high energy tail
of the atmospheric neutrino flux has a steeper slope than the slope of IceCube events, even
when including in the analysis prompt neutrino uncertainties of QCD origin. This confirms
that, to explain IceCube HESE events, is necessary to add the existence of at least one addi-
tional neutrino component of non-atmospheric origin. Furthermore, we have found that the
upper limit on prompt neutrino fluxes at 90% confidence level, published by IceCube, al-
though being model dependent, is just slightly above the central predictions for the prompt
(v, + ) flux obtained in this study, but well inside our global QCD uncertainty band.
This holds over the entire range of relevant neutrino energies and challenges the model
assumptions on atmospheric fluxes at high-energies adopted in the IceCube analyses.

In summary, this paper has presented the first application of the PROSA PDFs to an
astrophysical problem. This opens up the possible use of these PDF's in many other prob-
lems arising in the description of microscopic interactions at low Bjorken-z at present and
future high-energy pp and ep colliders, and in cosmic ray hadronic interactions occurring
in their astrophysical sources, during propagation and in the atmosphere.

In future, the LHCb measurements of charm hadroproduction at \/s=13TeV [14] could
be used for checking the extrapolation of the present PROSA fit and further reduce the PDF
uncertainties at low Bjorken-z. On the other hand, incorporating into the fit recently ap-
peared LHCDb charm data at y/s=5TeV [15], could provide insights on the self-consistency
of the data and of their theoretical description. Likewise, the inclusion of nuclear effects in
the theory description of the hadroproduction of D-mesons in collisions of ultra-high-energy
cosmic ray nuclei with the nuclei of our atmosphere will be left for future work.

Our predictions for prompt neutrino fluxes with PROSA PDF's are publicly available
at https://prosa.desy.de.
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A Comparisons of theoretical predictions with LHCb experimental data
at /s = 7 and 13 TeV

In this appendix we provide comparison of theoretical predictions for the hadroproduction
of various D-mesons in our computation as detailed in section 2 to experimental data col-
lected by LHCb. These refer to absolute values, without making use of any a-posteriori
normalization factor. POWHEGBOX + PYTHIA8/PYTHIA6 predictions for the spectra of trans-
verse momentum of D¥, DY + DO DZ at /s = 7TeV are shown in figures 12-14, respec-
tively. Using the PROSA PDFs, pg = 1/pzT7C +m2, m. = 1.4GeV, and the A14 tune in
case of PYTHIAS, each panel in figures 12—14 includes a transverse momentum spectrum in
the range pp € [0, 8] GeV in a different rapidity interval.

The uncertainties due to scale variation in the range (ugr, pur) € {(1/2,1/2),(2,2),
(1/2,1),(1,1/2),(1,2)(2,1)} o, those due to charm mass variation in the range 1.25 GeV
< m. < 1.55GeV and those due to PROSA PDF variation (considering the combination
in quadrature of the different sources of variation collected in table 1) are shown by bands
of different style, together with their combination in quadrature. In the lower panels
of figures 12-14, scale, PDF and charm mass uncertainty bands are shown relative to
theoretical central predictions.

Figures 15-17 contain the same study for LHCb experimental data [14] at /s = 13 TeV.
Each panel in figures 15-17 for a given rapidity interval now includes a transverse momen-
tum spectrum in the range pr € [0, 15] GeV.

The contribution arising from the feeddown from D*’s and from other excited charmed
states is accounted for in the theory predictions for the lowest-lying charmed mesons shown
in the plots.

While the data at 7TeV are succesfully described in all rapidity and pr bins by the
QCD computation adopted in this paper, the data at 13TeV in the low pr regime turn
out to lie above the central theoretical predictions.” This tendency remains essentially
unchanged when using POWHEGBOX + PYTHIA6 instead of POWHEGBOX + PYTHIA8, with the
former giving slightly harder distributions. In any case, for (D° + D°) and D*, whose
contribution actually dominate the total prompt neutrino flux at the neutrino energies
explored by IceCube, giving rise to more than 80% of it, the LHCb experimental data turn
out to lie within our scale uncertainty limits in all rapidity bins, with the exception of (D°
+ DY) data in the 1.5 < pr < 7GeV interval, in case of the most central bin 2 < y < 2.5.
We expect that even in case the theoretical description of these data will be improved in
the future, the resulting central predictions for prompt neutrino fluxes will likely lie within
our present uncertainty bands.

"This remains true even after the update of the (D0 + DO) hadroproduction data at 13 TeV, recently
published by the LHCb collaboration in the erratum JHEP 09 (2016) 013, which was taken into account
in this paper.
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Figure 12. Transverse momentum distribution of D* mesons in pp collisions at /s = 7TeV.

POWHEGBOX + PYTHIAS8 (blue solid line) /PYTHIA6 (red dotted line) predictions for pg = 4/ p2T7 .+ m2,
me = 1.4GeV and with the PROSA PDFs, are compared to LHCb experimental data [41] in
different rapidity bins. Theoretical predictions are accompanied by their uncertainty bands, due
to pur and pp scale variation (green), to m. (magenta) and to PROSA PDF (light-blue hatched)
variation, as described in the text. The LHCDb experimental data [41] are shown together with
their statistical and systematic uncertainties, added in quadrature. In the lower panel, ratios of
the uncertainties with respect to the theoretical central predictions are shown, together with the
ratio of the central theoretical predictions obtained with POWHEGBOX + PYTHIA6 with respect to
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- 21 —



(pb/GeV)
g

do /dpt
g,

=)
>

05

SN 3

ratio
PR ey

oo

1010

=)
©

do/dpr (pb/GeV)

P =
0

ratio
PO rEhOO

oo

D% 2<y<25

mass var + scale var + PDF var

scale var (g, He) in (0.5,2],[0.5,2])

PROSA PDF variation

mass var in (1.25 - 1.55) GeV'

mMe = 1.4 GeV, PR = Mf = sqrt(pr? + mc2), PY8
me = 1.4 GeV, g = W = sqrt(pr? + mc2), PY6
LHCb experimental data

D4

D 25<y<3

LIS 1010 E
EXXXX
==a —_
—0 > 10°F
—= ©
v [0
<
E e
[}

mass var + scale var + PDF var

scale var (g, M) in ([0.5,2],00.5,2])

PROSA PDF variation

mass var in (1.25 - 1.55) GeV.

M = 1.4 GeV, PR = Hf = sqrt(pr? + mc?), PY8
M = 1.4 GeV, g = ¢ = sqrt(pr? + mc?), PY6

LHCb experimental data

r b 105 b
T T T T T 7T 30F— T T T T T T T T
s I 26
S — ° %g i‘—\;
v v v v = 1 v
SR SR B R R X b4 RS AR AR
| 0.6 =l
i f T 1 I I L L I I L3 0.2 T i { \ 1 1 L I L L I I L3
005115 2 25 3 35 4 45 5 55 6 65 7 75 8 005115 2 25 3 35 4 45 5 55 6 65 7 75 8
pr (GeV) pr (GeV)
D% 3<y<35 D% 35<y<4
L mass var + scale var + PDF var — 1010 £ fnass var + scale var + PDF var —
scale var (g, HF) in ([0.5.2)00.5.2)) XA scale var (g, Hf) in ((0.5,2],[0.5,2]) BXRR
PROSA PDF variation PROSA PDF variation
mass var in (1.25 - 1.55) GeV =z — mass var in (1.25 - 1.55) GeV =z
E Me = 1.4 GeV, PR = Mg = sqrt(pr? + me, PY8 — 3 > 10° F me = 1.4 GeV, PR = Hf = sqrt(pr? + mc?), PY8 — 03
me = 1.4 GeV, i = if = sqrt(pr? + m2), PY6 == © me = 1.4 GeV, Ug = Uf = sart(pr? + mc?), PY6 —=
LHCb experimental data [ ] (0] LHCb experimental data
=
o
[}

r b 105 b
s s e e L Y = I e
*\—\; 26 oy —
e ] @ 22
v v = v
v Y v v .. | TBulw ¥ v R T
b 06 4
: ; T | I i 1 1 1 1 I I I I 3 0.2 T T i 1 1 1 1 1 I I I I I 3
0051 15 2 25 3 35 4 45 5 55 6 65 7 75 8 0 051 15 2 25 3 35 4 45 5 55 6 65 7 75 8
pr (GeV) pr (GeV)
D% 4<y<45
1010 mass var + scale var + PDF var 8
scale var (Ug, Kf) in ([0.5,2],(0.5,2]) R
PROSA PDF variation
— mass var in (1.25 - 1.55) GeV ==
> 10°F me = 1.4 GeV, [ = f = sqrt(pr? + mc2), PY8 —0
[0} m. = 1.4 GeV, Wp = Wf = sqrt(pr? + m¢?), PY6 -
0] LHCb experimental data =
5 108
[o%
510
©
8 108
105 [ b
3.0 L B m—
o R S FFFFFFFTN
LS 18
g 14ty v v R B E
067 J
0.2 T T I 1 L L L L L L I L L L L 3
005115 2 25 3 35 4 45 5 55 6 65 7 75 8

pr (GeV)

Figure 13. Same as figure 12, for (D° + D°) hadroproduction at /s
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Figure 14. Same as figure 12, for D hadroproduction at /s = 7 TeV.
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Figure 15. Same as figure 12, for the LHCb experimental data [14] on D* hadroproduction at
Vs =13TeV.

— 24 —



(pb/GeV)

do/dpt (pb/GeV) ratio do/dpt

ratio

1010

10°

108

107

108

0%

OO ==PNW o
MDosrmvoo

oo

1010

10°

108

107

108

05

OO =—PNw o
NO=rONDO

oo

D0 2<y<25 D0 25<y<3
mass var + scale var + PDF var — mass var + scale var + PDF var —
E scale var (Wg, M) in ([0.5,2],[0.5,2]) = 1010 & scale var (Ug, Mf) in ([0.5,2],[0.5,2]) 4
E PROSA PDF variation E PROSA PDF variation 3
F mass var in (1.25 - 1.55) GeV rara) — F mass var in (1.25 - 1.55) GeV s |4
E m = 1.4 GeV, WR = WF = sqrt(py? + m¢?), PY8 — 3 3 10°F me = 1.4 GeV, ug = W = sart(pr? + m¢?), PY8 — 3
E v me = 1.4 GeV, UR = U = sqrt(pr2 + mc?), PY6 - [0} E * me = 1.4 GeV, Up = U = sqrt(pr? + mc?), PY6 -
b 4 V* LHCb experimental data =¥ ~ v BE 4 LHCb experimental data =¥
4 4 2 8 X 4
v a2 10 ¥y E
¥ ~ v 3
¥ v ]
geletelutetolsle & 7 T ¥
— T 3 10" = I 3
F TR N E e ¥ i
L % L ]
3 1 108 £ 3
r 10% -
— T T T T T T T T T T T T T 30 — T T T T T T T T T T T T T
yivvvy 26 o)
vy ¥ v 22 vYYEYy o o
T S e e s 2 18 M
RS Y v v QL? e At e S,
o 0.6 KRR — ——y
1 1 1 I 1 1 1 1 1 1 L3 0.2 ] i 1 1 I 1 1 1 1 1 1 L3
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
pr (GeV) pr (GeV)
D% 3<y<35 D 35<y<4
mass var + scale var + PDF var — mass var + scale var + PDF var —
E scale var (Mg, Mg) in ([0.5,2],[0.5,2]) - 1010 scale var (Mg, Mg) in ([0.5,2],[0.5,2]) =
E PROSA PDF variation E PROSA PDF variation E|
F mass var in (1.25 - 1.55) GeV [avas) — F mass var in (1.25 - 1.55) GeV = |4
3 me = 1.4 GeV, Ug = MF = sqrt(pr? + m¢2), PY8 — 3 3z 10°F mc = 1.4 GeV, U = Mg = sqrt(pr? + m¢?), PY8
F - me = 1.4 GeV, Ug = UF = sqrt(pr® + mc?), PY6 = o E me = 1.4 GeV, U = UF = sqrt(pr? + mc?), PY6
v " Yw LHCb experimental data —w— ~ Yy LHCb experimental data
v i o s ['W ¥ |
¥ a 10 - 3
v ~ v 3
¥ v Bl
SR = —_ q
e — i E g 1w0wE - SO b 4
E ¥ 2 E s ¥ E
[ Rz 3 f 7] — i
3 =5 E 10° TR 3
r 105 [~
—— T T T 3.0 —2
P .
X 555,59, 4 S falw
[ 1-?
E 0.6 LY =
e | [ 1 02 —r—7—7" | | I I I I I I I I L3
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
pr (GeV) pr (GeV)
D 4<y<45
mass var + scale var + PDF var _—
100 F scale var (U, Wf) in ([0.5,2],[0.5,2]) E
E PROSA PDF variation E|
—_ r mass var in (1.25 - 1.55) GeV [ava
3 10°F mc = 1.4 GeV, Wg = Wf = sqrt(pr? + mc2), PY8
(0] o m. = 1.4 GeV, PR = W = sqrt(pr? + mc2), PY6
E [osomezesete o5 3 LHCb experimental data
8 108 ¥ ¥ E
- v ]
5 —_— L4 1
& 107 ¢ TR 3
é 3 e 1
108 £ % E
108 — z
30 =L T T T T T T T T T T T T T
26 R
22 0%,
9o 18 b Snd 2 4 TRIIT
g 14T XN RS .
1 SRS
06 v RO iy
02 b—r—71— [ | ! I I I 1 1 1 1 =
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
pr (GeV)

Figure 16. Same

@

as figure 15, for (D° 4+ DY) hadroproduction at /s = 13 TeV.
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Figure 17. Same as figure 15, for DF hadroproduction at /s = 13 TeV.
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